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Nestin in Human Skin: Exclusive Expression in
Intramesenchymal Skin Compartments and
Regulation by Leptin
Stephan Tiede1, Jennifer E. Kloepper1, Nancy Ernst1, Burkard Poeggeler1, Charli Kruse2 and Ralf Paus1,3
Cutaneous nestinþ cells are of substantial interest in regenerative medicine. However, the location of nestinþ
cells in situ remains controversial. We therefore sought to determine their location in female human scalp skin,
using stringently controlled immunohistochemical techniques, Western blot analysis, and in situ hybridization
and complementing those techniques with relative and quantitative reverse transcriptase–PCR of enzymatically
digested or laser-capture microdissected human hair follicle (HF) compartments. We show here that the
immunoreactivity (IR) patterns obtained with anti-nestin antibodies are highly dependent on the tissue-fixation
and immunohistochemical methods used. NESTIN mRNA could not be detected within HF-associated epithelial
cells in situ or in RNA extracts of the microdissected HF epithelium. Instead, NESTIN transcripts were found
only in intramesenchymal skin compartments. Individual cells showing both, specific nestin IR and NESTIN
mRNA were detectable in the connective-tissue sheaths of human HFs, sebaceous and sweat glands. Moreover,
stimulation of organ-cultured human scalp skin with the adipokine leptin increased the number of nestinþ
cells in these intramesenchymal skin locations, whereas no specific nestin IR could be induced by leptin within
the HF epithelium, including the bulge. Therefore, nestin expression at the gene and protein levels in human
scalp skin is restricted to the periappendage mesenchyme and can be stimulated by leptin.
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INTRODUCTION
Nestin is an intermediate filament protein that was first
identified by immunohistochemistry (Hockfield and McKay,
1985). It has been reported to be expressed predominantly
in neural tube–associated neural stem cells (Yaworsky and
Kappen, 1999) and to be downregulated and replaced by
neurofilaments upon terminal neural differentiation (Steinert
et al., 1999; Yaworsky and Kappen, 1999). Nestin has
therefore long been used as a marker for neural stem cells
(Shih et al., 2008) but has recently also become widely
accepted as a general marker for a wide range of progenitor
cells (Wiese et al., 2004; Hwang et al., 2008), including skin-
derived progenitor cells (Toma et al., 2005; Biernaskie et al.,
2006; Kruse et al., 2006; McKenzie et al., 2006; Gingras
et al., 2007; Hoffman, 2007; Mignone et al., 2007; Tiede
et al., 2007a; Kajahn et al., 2008; Lorenz et al., 2008).
Nestinþ cells, isolated from mouse or human skin, have
the ability to undergo differentiation into multiple lineages
(Amoh et al., 2004, 2005a, b, c; Joannides et al., 2004;
Biernaskie et al., 2006; Fernandes et al., 2006; Kruse et al.,
2006; McKenzie et al., 2006; Gingras et al., 2007; Hoffman,
2007; Mignone et al., 2007; Tiede et al., 2007a; Kajahn et al.,
2008; Lorenz et al., 2008). Murine hair follicle (HF) nestin-
GFPþ cells, derived from transgenic mice carrying a Nestin
second-intron enhancer, give rise to nascent blood vessels
and Schwann cells in vivo. Moreover, after transplantation
into mice with sciatic nerve and spinal cord crush injury, they
promote neuroregeneration (Amoh et al., 2004, 2005a, b, c;
Hoffman, 2007). Human cutaneous nestinþ cells have
become a focus of research interest for cell-based regen-
erative medicine strategies, given their potential as an easily
accessible and abundantly available source of adult auto-
logous progenitor cells (Fernandes et al., 2006; Kruse et al.,
2006; Hoffman, 2007; Kajahn et al., 2008; Kanoh et al.,
2008; Lorenz et al., 2008; Amoh et al., 2009).
However, to select the tissue compartment of human skin
with the highest likelihood of yielding a substantial number
of nestinþ cells for cell-based neuroregenerative strategies,
it is critical to determine the exact location of these cells.
In addition, because the functional significance of nestin
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expression and its regulation in mammalian skin remains
unidentified, reliable information on where these cells are
expressed may provide valuable pointers to the nature and
function of intracutaneous nestinþ cells (Table 1).
In Nestin regulatory element–driven green fluorescent
protein (GFP) transgenic mice, GFPþ cells in the murine
HF epithelium, specifically within its bulge region, have been
reported (Amoh et al., 2004, 2005a, b; Zhang et al., 2006).
After isolation and culture, Nestin regulatory element-driven
GFPþ cells produce several cell types, including cells that
express neuronal, astrocytic, oligodendrocytic, smooth mus-
cle, adipocytic, and/or other markers (Li et al., 2003; Amoh
et al., 2005a, b, c, d). These studies were based on the
observations of Li et al. (2003), who detected a population
of multipotent stem cells in the bulge region of the mouse
pelage HF. In contrast, Wang et al. (2006) have reported
nestin-like immunoreactivity (IR) in the human epidermis and
throughout the upper two-thirds of the HF. However, there
was no IR in the lower third of the HF and very weak nestin
expression in the sebaceous gland (SG). The authors claimed
that the level of NESTIN mRNA transcription corresponded
to the IR and was much higher in the bulge region of HFs than
in the SG.
In contrast to reports of nestin-like IR in the epithelium of
murine (Li et al., 2003; Amoh et al., 2004, 2005b; Mignone
et al., 2007), canine (Mercati et al., 2008), or human HFs
(Lademann et al., 2005; Wang et al., 2006), we previously
failed to show any intraepithelial nestin-like IR in human
scalp HFs (Kruse et al., 2006; Tiede et al., 2007b; Kloepper
et al., 2008) (Table 1). Furthermore, in our recent attempts to
identify in situ markers for the demarcation of human HF
bulge–associated epithelial stem cells, we failed to detect
specific nestin-like IR in the HF bulge region (Kloepper et al.,
2008). However, we noted that nestin IR patterns varied
greatly depending on the tissue-fixation method and the
immunodetection protocol used. This occurred despite the
use of a variety of commercially available nestin antibodies,
which, given that the antibodies were raised from the same
clone, should all detect the same nestin epitope (clone 10c2).
This epitope should specifically recognize nestin protein in
hematopoietic and mesenchymal progenitor cells (Tondreau
et al., 2004; Sigurjonsson et al., 2005).
Analysis of the published literature on nestin expression in
human skin revealed that few studies had used convincing
positive and/or negative controls. Therefore, there was little
evidence that nestin-like IR corresponded to NESTIN mRNA
transcription by the same immunoreactive cells or tissue
compartments. Furthermore, the expression studies had relied
on the demonstration of Nestin regulatory element activity, as
indicated by GFP-associated immunofluorescence in mice.
This method does not prove endogenous gene transcription,
nor does it provide any reliable information on mRNA
translation and protein expression (see Table 1). This
prompted us to question the specificity of previously
published nestin IR patterns, including our own (Kruse et al.
2006; Kloepper et al. 2008), that claimed to reflect nestin
protein expression. Therefore, we have attempted to clarify
whether the epithelium of human HFs, and in particular the
bulge region of the human HF outer root sheath (ORS), shows
nestin-expressing cells. This was assessed in normal human
scalp skin using a range of complementary, well controlled
immunohistochemical techniques, in situ hybridization,
reverse transcriptase (RT)-PCR, and western blot analysis.
Using a primary nestin antibody of documented specificity
and human fetal brain as a positive control for nestinþ
neural progenitors (Dahlstrand et al., 1995), we mapped
nestin-like IR in the scalp skin of five human females (the skin
was obtained during facelift surgery). We ignored all
observed IR patterns that were not identical in the skin
sections of all five individuals and for which no convincing
positive and negative controls could be obtained. Full-length
human scalp HFs were microdissected and enzymatically
separated by dispase digestion (Stenn et al., 1989; Link et al.,
1990) or processed via laser-capture microdissection of
defined HF tissue compartments to obtain disconnected
epithelial and mesenchymal HF compartments (Figure 1).
These compartments were then subjected to western blot
analysis for nestin protein and quantitative RT-PCR or
relative-quantitative TaqMan analysis for the detection of
NESTIN transcripts. To correlate nestin protein and gene
expression, in situ hybridization with a NESTIN-specific RNA
probe was performed on human scalp skin cryosections.
Finally, to enhance subthreshold detection levels of nestin
and to unmask intraepithelial nestin IR patterns, full-thickness
human scalp skin was stimulated in organ culture (Lu et al.
2007) by leptin. This adipokine is a stimulator of the
cutaneous signal transducer and activator of transcription
(STAT3) pathway, which plays a major role in regulating
Table 1. Previously reported in situ human hair follicle nestin immunophenotyping results
Antigen Primary antibody Previously reported IR pattern of human HF in situ References
Nestin Mouse anti-human nestin (Chemicon) Individual cells in the CTS, DP, and mesenchyme of eccrine SwGs Kruse et al. (2006)
Mouse anti-human nestin (Chemicon) Individual cells in HF-CTS and the DP (including blood vessels) and in the
SwG epithelium (whereas nonspecific nestin IR was prominent in the IRS).
No IR in the HF-ORS
Kloepper et al. (2008);
Tiede et al. (2007b)
Mouse anti-human nestin (Santa Cruz
Biotechnology)
Bulge, strong IRS IR, SG cells with little IR.
No IR in DP, MKs, and HS
Wang et al. (2006)
CTS, connective-tissue sheath; DP, dermal papilla; HF, hair follicle; HS, hair shaft; IR, immunoreactivity; IRS, inner root sheath; MK, matrix keratinocyte;
ORS, outer root sheath; SG, sebaceous gland; SwG, sweat gland.
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NESTIN expression (Foshay and Gallicano, 2008). This
functional assay was also used to determine specific signaling
mechanisms that may control NESTIN expression in human
skin.
RESULTS
Methodological variations generate conflicting and partially
misleading nestin IR patterns
Previously, we had detected nestin IR in human scalp skin,
both by a standard immunofluorescence method (Kruse et al.,
2006) and by highly sensitive tyramide signal–amplification
immunofluorescence (Kloepper et al., 2008), using a well-
characterized mouse antibody specifically directed against
human nestin (Kruse et al., 2006; Kajahn et al., 2008; Kanoh
et al., 2008; Kloepper et al., 2008; Amoh et al., 2009). With
these immunohistochemical detection methods, we had
observed isolated nestinþ cells in the periappendageal
mesenchyme of human scalp skin, namely in the HF
connective-tissue sheath (CTS), dermal papilla, and stroma
of sweat and SGs, whereas nonspecific IR with this antibody
was prominent in the inner root sheath, the sweat gland
(SwG) epithelium, and even the SwG lumen (Figures 2 and 3).
To verify our previously reported IR pattern and to clarify
the central question of whether nestin is expressed in the HF
epithelium (including the bulge epithelium), we used the
sensitive streptavidin–biotin labelled immunohistochemistry
technique on both human scalp skin cryosections and
Hepes–glutamic acid buffer-mediated organic solvent protec-
tion effect (HOPE)-fixed paraffin sections. The HOPE fixation
method was used because it has been reported to offer
antigen preservation and reduce nonspecific IR (Olert et al.,
2001). Human fetal brain cryosections served as positive
controls for nestin-specific IR and showed the expected
specific nestin IR restricted to the subventricular zone of
the fetal brain (Dahlstrand et al., 1995) (Figure 3h). As a
second, independent, positive control, human dermis–
derived nestinþ cells, which also transcribe the NESTIN
gene, were used (Kruse et al., 2006; Kajahn et al., 2008;
Tiede et al., 2009). These showed the expected nestin-
specific IR (not shown). Normal interfollicular human dermal
fibroblasts served as negative controls.
Systematic examination of the IR results obtained with
this method revealed nonspecific IR in almost all examined
epithelial compartments of human skin cryosections. For
example, the basal layers of the epidermis (Figure 2a),
the epithelium of the SwGs (Figure 2b) and the SG, and the
outer layers of the ORS were all nestinþ (Figure 2c and d).
HOPE-fixed tissue stained with the labeled streptavidin–
biotin method did not show the same widespread nonspecific
IR patterns as cryosections, and the IR was similar to the
one we had reported earlier with the tyramide signal
amplification method (Kloepper et al., 2008) (Figure 3a–f).
In HOPE-fixed sections, the epidermis and the outer layer
of the ORS were negative for nestin-like IR (Figure 2e, g
and h), whereas the mesenchyme of SGs and SwGs
showed isolated nestinþ cells (Figure 2f), similar to the
CTS (Figures 2i, j and 3c, d), and the SwG epithelium and
the inner layer of the ORS showed nonspecific IR (Figure 2f, g
and h).
Nestin protein can be detected only in human HF-associated
mesenchyme and not in the HF epithelium
Double-immunolabeling of skin sections with both the
mesenchymal marker vimentin and nestin demonstrated the
presence of nestinþ cells only in vimentinþ mesenchymal
compartments (Figure 3i). In contrast, double-immunolabel-
ing with the HF epithelial marker Keratin6, which demarcates
the ORS, failed to reveal any colocalization of Keratin6 IR
with specific nestin IR (Figure 3j). To verify these observations,
we performed western blot analysis of protein extracts from
microdissected human HF epithelium, which had been
enzymatically separated from the HF mesenchyme by dispase
pretreatment (Figure 1d–f). This showed that nestin IR,
demarcating a band of the expected molecular weight of
B220 kDa on a denaturing SDS gel (Sahlgren et al., 2001),
was detectable only in protein extracts derived from the HF
ORS
IRS
ORS
IRS
DP tissue
DP
ORS tissue
Figure 1. Representative illustrations of isolated and further processed and analyzed hair follicle and remaining skin compartments. (a) Laser-capture
microdissection of human hair follicle dermal papilla cells and (b) of ORS keratinocyte- containing compartments. (c) Microdissected ORS keratinocyte
compartments used for NESTIN TaqMan analysis. (d–f) Illustrations of dispase-pretreated and microdissected full-length hair follicle epithelium. (g) Illustration of
the remaining skin after dispase treatment and hair follicle microdissection. CTS, connective-tissue sheath; DP, dermal papilla; IRS, inner root sheath; ORS, outer
root sheath. Bars ¼ 100 mm.
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mesenchyme, not in HF epithelium extracts (Figure 4). This
demonstrates that within the detection limits of sensitive
assays, there is no nestin-like protein expression in the
epithelium of human scalp HFs.
Figure 2. Specific labeled streptavidin–biotin method on both routine
cryosections and HOPE-fixed scalp skin sections. (a–d) Detection of
nonspecific immunoreactivity (IR) in many epithelial compartments of human
skin cryosections. (a) Nestin staining of epidermal basal keratinocytes,
(b) sweat gland epithelium, and (c, d) the outer root sheath. (e–j) HOPE-fixed
tissue sections show (e) no detectable nestin IR in the epidermis, (f) single
nestinþ cells in the sweat gland mesenchyme and nonspecific nestin staining
of the sweat gland epithelium, (g, h) nonspecific staining of the inner layer of
the outer root sheath. (i, j) Specific nestinþ cells were detected in the hair
follicle mesenchyme and the connective-tissue sheath. CTS, connective-tissue
sheath; IRS, inner root sheath; ORS, outer root sheath; SG, sebaceous gland;
SwG, sweat gland. Bars: (c, g), 100 mm; (a, e), 50 mm; (b, d, f, h, i), 20mm;
(j), 10 mm.
Figure 3. Tyramide signal amplification immunofluorescence staining on
scalp skin, breast skin, and fetal brain cryosections. (a–f) Using the highly
sensitive tyramide signal amplification method on scalp skin cryosections,
specific immunoreactivity can be found in the mesenchymal parts of the
human hair follicular unit. (a, b) Specific nestin staining of connective-tissue
sheath (CTS) fibroblasts and nonspecific nestin staining of the inner root
sheath; (c, d) single nestinþ cells in the CTS of the hair bulb, in the dermal
papilla, and (e) in the sweat gland mesenchyme. (f) Sweat gland granules are
nonspecifically stained for nestin. (g) Nestinþ cells in the breast skin sweat
gland mesenchyme and (h) in human fetal brain progenitor cells of the
subventricular zone of the human fetal brain serving as a specific positive
control. (i) Nestinþ cells (green) within vimentinþ mesenchyme (red).
(j) Nestinþ IR shows no colocalization with Keratin6þ hair follicle
compartments (red). (a–h) Nestin staining using the Chemicon human nestin
antibody (MAB5326), whereas (i) and (j) are representative nestin stainings
using Santa Cruz Biotechnology’s human nestin-antibody (sc-23927). CTS,
connective-tissue sheath; DP, dermal papilla; IRS, inner root sheath; MK,
matrix keratinocytes; ORS, outer root sheath; SG, sebaceous gland; SwG,
sweat gland. Bars: (a, c), 50 mm; (b, d–g), 20 mm; (h–j), 100 mm.
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Only intramesenchymal nestin IR corresponds to NESTIN gene
transcription
To correlate nestin protein and NESTIN mRNA expression
patterns, in situ hybridization of normal human scalp skin
cryosections was performed with a specific digoxigenin-
labeled NESTIN anti-sense probe using human fetal brain
cryosections as positive control (Dahlstrand et al., 1995). As
shown in Figures 5a–c, digoxigeninþ NESTIN transcripts
were not found within the HF epithelium but were detected
exclusively in individual randomly distributed nestinþ cells
in the proximal and distal CTS (Figure 5a–c). It is notable that
this included the HF mesenchyme that is directly adjacent to
but separate from the bulge epithelium (Figure 5b and c).
Additional NESTIN mRNAþ cells were prominently de-
tected in the stroma immediately adjacent to the epithelium
of eccrine SwGs and SGs (Figure 5b). Thus, by in situ
hybridization, the NESTIN gene is not transcribed in human
scalp skin epithelium, specifically not in the HF bulge
epithelium, the inner root sheath, or the distal ORS.
These results correspond to the nestin protein expression
pattern obtained by labeled streptavidin–biotin immunohis-
tology and western blot analysis as reported above, confirm-
ing an intramesenchymal location of nestin expression in
human scalp skin at both the gene and the protein level. To
further clarify the localization of nestin protein and NESTIN
transcript expression in human skin, we also performed
quantitative RT-PCR and relative-quantitative TaqMan ana-
lysis of defined HF compartments. We analyzed HF
epithelium and HF mesenchyme that had been separated
enzymatically or by laser-capture microdissection (Figure 1).
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Figure 4. Western blot analysis of nestin expression in the isolated entire
hair follicle epithelium and the remaining skin mesenchyme. Frontotemporal
scalp skin specimens were digested and separated into entire HF epithelium
and skin mesenchyme. Cell extracts of the hair follicle epithelium and
skin mesenchyme in comparison with control cell extracts (human central
nervous system neuroblastoma cell line) were loaded onto a denaturing
gradient SDS-PAGE gel and separated under reducing conditions, transferred
onto nitrocellulose, and analyzed by nestin (B220 kDa) western blotting.
The image is representative of similar results from three human female
individuals. GAPDH, glyceraldehyde-3-phosphate dehydrogenase; HF, hair
follicle.
Anti-sense Sense Sense Sense
SVZ
Figure 5. NESTIN RNA in situ hybridization on human scalp skin cryosections. Photomicrographs of RNA in situ hybridizations showing human NESTINmRNA
accumulation in (a) randomly distributed cells in the hair follicle dermal papilla connective-tissue sheath and (b) the mesenchyme of eccrine SwG and the
connective-tissue sheath of the upper hair follicle. (c) NESTIN mRNA immunoreactivity in the connective-tissue sheath of the hair follicle bulge region
(demarcated by the arrector pili muscle insertion point), (d) in human fetal brain progenitor cells of the subventricular zone used as positive control, and in the
lower hair follicle (e), eccrine SwG (f), and human fetal brain (g) hybridized with the NESTIN-sense probe as negative controls. (a–g) Hematoxylin staining to
highlight cell nuclei; sections were visualized by light microscopy. The images are representative of similar results from three human female individuals. APM,
arrector pili muscle; CTS, connective-tissue sheath; HF, hair follicle; ORS, outer root sheath; SG, sebaceous gland; SVZ, subventricular zone; SwG, sweat gland.
Bars ¼ 50 mm.
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The HF epithelial marker KERATIN6 and the mesenchymal
marker VIMENTIN were compared. A NESTIN-expressing
primary human neuroblastoma cell line (Thomas et al., 2004)
was used as a positive control. As shown in Figure 6, only
mesenchymal human skin compartments and the positive
control showed NESTIN transcripts, together with VIMENTIN
mRNA. No NESTIN transcripts were amplified in the
KERATIN6-positive HF epithelium. This result was further
confirmed by NESTIN TaqMan analysis of laser-capture
microdissected HF compartments (Figures 1a–c and 7).
NESTIN mRNA could be detected only in isolated dermal
papilla mesenchmye or in RNA extracts from complete HFs
with an intact CTS. In isolated ORS or HF matrix epithelium,
NESTIN transcripts were absent (Figure 7).
Leptin upregulates the number of intramesenchymal nestinþ
cells as well as nestin expression in human scalp skin
Finally, we investigated whether the adipokine leptin, which
upregulates NESTIN expression in murine neurons (Piper
et al., 2008), has the same effect in normal, organ-cultured
human scalp skin under serum-free conditions (Lu et al.,
2007). Simultaneously, we wished to test with this experi-
ment whether leptin manages to unmask specific nestin-like
IR within human skin epithelium that, in unstimulated skin,
may have remained below the detection limits of our assays.
After incubation with leptin for 6 or 10 days, the number of
nestinþ cells in organ-cultured skin was significantly
upregulated in the mesenchyme (Po0.05). Upregulation of
mesenchymal nestin IR was time-dependent, as 2 days of
incubation with leptin did not suffice to induce this effect
(Figure 8a). However, this upregulation was seen exclusively
in the skin mesenchyme, for example, in the HF-CTS, and
leptin did not change the (very low) baseline level of
nonspecific IR in the HF epithelium (Figure 8b). This
upregulation of the number of nestinþ cells and the intensity
of nestin-related IR in individual cells in organ-cultured
human scalp skin was confirmed by in situ hybridization,
showing that the NESTIN mRNA steady-state level (as
assessed by the intensity of digoxigenin IR) was upregulated
by incubation with leptin for 6 days (Figure 8b and c).
DISCUSSION
Taken together, our findings confirm our previous reports of a
strictly intramesenchymal location of nestin expression in
normal human scalp skin (Kruse et al., 2006; Kloepper et al.,
2008) and show that human HF epithelium, including its
bulge region, does not express nestin at the gene and protein
levels. Therefore, researchers that wish to use autologous
nestinþ cells from adult human skin in regenerative
medicine strategies are well advised not to harvest HF
epithelium (including the bulge) for such cell-based therapy
protocols, but to focus on the skin mesenchyme immediately
adjacent to the skin appendage epithelium as the optimal
tissue source for human nestinþ cells.
Here, we show the importance of using stringent positive
controls for nestin immunohistology, provoked by a number
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Figure 6. Comparative qPCR of nestin, vimentin and keratin6 expression in
isolated and separated hair follicle epithelium and in the remaining skin
mesenchyme. Total RNA was isolated from frontotemporal human scalp skin
specimens that were dispase digested and separated into entire hair follicle
epithelium and remaining skin mesenchyme (epidermis was not used).
Quantitative NESTIN, VIMENTIN, and KERATIN6 mRNAs were calculated in
relation to the housekeeping gene rS26 mRNA level. The results are expressed
as the means±SED performed in triplicate for three female individuals
(*Po0.05). HF, hair follicle.
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Figure 7. Relative quantification of NESTIN expression in laser-capture
microdissected hair follicle compartments. Hair follicle ORS tissues, matrix
tissues, and dermal papilla tissues were separated by using laser-capture
microdissection (see Figure 1). Non-enzymatically pretreated and normal
plucked hair follicles (with surrounding CTS) were used as controls. Relative
quantification of NESTIN expression was performed by using the TaqMan
gene expression assay and calculated in relation to the housekeeping gene
rS18 expression level in each experiment. The results are expressed as the
means of experimental triplicates for three female individuals. CTS,
connective-tissue sheath; DP, dermal papilla; HF, hair follicle; ORS, outer
root sheath.
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of misleading pseudo-specific IR patterns that do not
correspond to NESTIN gene transcription. Our study docu-
ments that it is critical to correlate nestin immunohistochem-
istry with RT-PCR, in situ hybridization, or western blot
analysis to characterize the definitive expression profile. As
NESTIN-promoter-driven GFP expression has not yet been
achieved in human skin, our mRNA and protein expression
data cannot be compared with the published GFP-based
Nestin expression findings in murine skin (Amoh et al.,
2005a, 2005b, 2005c). However, it must be kept in mind that
Nestin-GFP transgenic mice demarcate only the sites of
Nestin second-intron enhancer activity and not the actual
presence of nestin mRNA and protein in situ.
The restricted localization of nestin protein and mRNA
exclusively within mesenchymal skin compartments, espe-
cially the specialized stroma that is directly adjacent to the
skin appendage epithelium, was further confirmed by
functional skin organ culture studies. Even when NESTIN
gene and protein expression was upregulated by leptin, this
did not alter the strictly extraepithelial distribution of nestinþ
cells. Leptin was selected as a potential modulator of NESTIN
expression, because this adipokine has been shown to target
the STAT3 pathway that regulates NESTIN (Goren et al.,
2003; Foshay and Gallicano, 2008). STAT3, a member of the
‘signal transducer and activator of transcription’ (STAT)
family, plays a major role in controlling NESTIN expression
during early neural development (Foshay and Gallicano,
2008). STAT3 directly regulates the Sox2 promoter leading
to Sox2 expression and subsequent upregulation of
NESTIN (Foshay and Gallicano, 2008). Incidentally, to our
knowledge, these previously unreported findings have
therefore also generated insights into the still unclear
control of nestin expression in human skin. Even in the
presence of leptin, nestin expression in the HF epithelium
remained below the level of specific nestin-like IR (note
that the faint immunostaining observed in the basal layer of
the ORS of test and control HFs, which does not
correspond to NESTIN transcripts, is at the same level in
leptin-treated skin fragments compared with vehicle
controls) (Figure 8).
In line with our findings, STAT3 dominant negative cells
are characterized not only by significant loss of STAT3
activity but also by markedly reduced NESTIN expression
(Foshay and Gallicano, 2008). We report here the first
evidence of nestin regulation by leptin in a normal human
tissue in situ. This poses intriguing new questions as to the
role of leptin in the biology of intramesenchymal human skin
stem cells, in general, and in the regulation of nestinþ
human skin progenitor cells in particular (Poeggeler et al.,
2009, in press). Owing to the very limited availability of
human scalp skin specimens, we had to select a limited
number of time points to investigate the regulation of NESTIN
transcription. The highly restricted and specific localization
of nestin protein and mRNA is conserved even after the
functional stimulation of selective nestin expression by leptin
treatment, which results in a robust and reproducible
upregulation of specific nestinþ cells only in the mesench-
ymal skin compartments. As long-term treatment with leptin
even increased the number of immunohistologically visua-
lized nestinþ cells, future studies will have to elucidate
whether leptin actually stimulates the proliferation of human
nestinþ cells in situ or just increases the nestin expression
level of individual cells so that more nestinþ cells that were
previously below the detection threshold of our assay are
detected. A similar increase in nestinþ cells has been
observed to be induced by the prolonged treatment of cell
populations derived from spiral ganglion stem cells with the
related neurokine leukemia inhibitory factor, a growth factor
that promotes the self-renewal of neuronal stem cells and
affects neural and glial cell differentiation (Oshima et al.,
2007). As nestin expression can be significantly and
specifically upregulated selectively within mesenchymal skin
HF epithelium
Intramesenchymal
HF epithelium + leptin
Intramesenchmyal +
leptin
(%
) N
es
tin
-po
sit
ive
 c
e
lls
50
45
40
35
30
20
25
15
10
5
0
D2 D6 D10
Days of culture
– Leptin
+ Leptin
Figure 8. Influence of leptin on nestin protein and mRNA expression in defined regions of organ-cultured skin. Human scalp skin biopsies were organ cultured
under the influence of 10 ng/ml leptin, followed by cryosectioning. (a) Nestin and DAPI immunohistochemical staining. Nestinþ cells were counted and
expressed as the percentage of all DAPIþ cells (nuclei). Data are the mean±SED of three independent experiments (Po0.01). (b) NESTIN mRNA in situ
hybridization on cryosections of non-treated and (c) leptin-treated organ-cultured skin (D6) shows upregulation of NESTINþ cells within the arrector pili muscle
insertion, the connective-tissue sheath, and the surrounding vicinity of the sebaceous gland. The images are representative of similar results from three human
female individuals. APM, arrector pili muscle; CTS, connective-tissue sheath; DAPI, 40,6-diamidino-2-phenylindole; ORS, outer root sheath; SG, sebaceous
gland. (b, c) Bars ¼ 50mm.
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compartments by leptin, it is highly unlikely that putative
intraepithelial nestin expression has escaped our attention
simply because of a low baseline expression level of nestin.
Functional studies are now needed to clarify the signi-
ficance of this neurofilament in the biology of nestinþ cells
in human skin mesenchyme and to dissect the roles both
nestin and leptin play in maintaining intracutaneous nestinþ
cells in their relatively undifferentiated state under physiolo-
gical conditions. Human scalp skin and its long-term serum-
free organ culture offer an excellent system for addressing
these important open questions in general nestin biology.
MATERIALS AND METHODS
Human skin sources and tissue preparation
This study was approved by the Institutional Research Ethics
Committee and adhered to the Declaration of Helsinki Principle
guidelines. Scalp skin specimens were obtained from five women
(average age: 56 years) undergoing routine facelift surgery, along with
written consent. Excess scalp specimens from the temporal or
occipital scalp region were immediately kept at 41C in serum-free
William’s E Medium (Biochrome, Cambridge, UK) supplemented with
2mmol/l L-glutamine (Invitrogen Gibco, Karlsruhe, Germany), 10ng/
ml hydrocortisone (Sigma-Aldrich, Taufkirchen, Germany), 10mg/ml
insulin (Sigma Aldrich), and 1% antibiotic/antimycotic mixture
(Invitrogen Gibco) for no more than 1 day. Scalp skin tissue was first
shaved using a scalpel and dissected into approximately 0.5 cm2
pieces and washed with pre-warmed phosphate-buffered saline (37 1C)
1–3 times to remove cell debris. Human fetal brain cryosections were
commercially acquired (BioCat, Heidelberg, Germany).
Hair follicle isolation and skin organ culture
Skin pieces were incubated overnight in William’s E Medium
(supplements, see above) and dispase (0.01% w/v) at 41C. After
dispase digestion, the skin was washed in pre-warmed phosphate-
buffered saline and separated into HF, epidermis, mesenchymal
tissue, and subcutaneous fat tissue. For HF isolation, the digested
skin was washed with phosphate-buffered saline and the entire HF
epithelium was carefully plucked out of the tissue using micro-
dissecting tweezers. The HF epithelium surrounding the basement
membrane and CTS are completely removed by this technique (see
Figure 3d–f). The separated tissues (except the fat tissue) and isolated
HF were then prepared for mRNA or protein isolation. To test the
biological relevance of leptin to nestin expression in human skin,
2mm biopsies of intact human scalp skin were punched out (parallel
to the direction of HF, that is at an oblique angle) using a biopsy
punch (Brymill, Basingstoke, UK). These biopsies were placed into
daily replenished William’s E medium (basic medium, supplements
as described above) additionally supplemented with 10 ng/ml
recombinant human leptin (Sigma-Aldrich) (Haupt et al., 2005).
The control group received vehicle alone. The skin biopsies were
left to float in the medium, with the epidermis up at the air/liquid
interface and the dermis/subcutis down (Lu et al., 2007). The
cultures were incubated for 2, 6, and 10 days at 371C in a gassed
incubator with 95% air and 5% CO2 at 371C.
Immunohistochemistry
Scalp skin specimens were first shaved using a scalpel and dissected
into approximately 0.5 cm2 pieces before being washed 1–3 times
with ice-cold phosphate-buffered saline to remove cell debris. The
skin specimens and organ-cultured skin biopsies were embedded in
Shandon Cryomatrix (Pittsburgh, PA), snap-frozen in liquid nitrogen,
and stored at 801C until use. Cryosections (6–8mm thick) were first
air dried for 10minutes, fixed in acetone at 201C for 10minutes,
and then air dried again for 10minutes. Alternatively, tissue sections
were fixed by using HOPE and put into isopropanol at 601C for
10minutes. The slides were air-dried and fixed in acetone at 201C
for 10minutes and stayed for 10minutes in demineralized water. All
sections were then treated the same way with 3% hydrogen peroxide
for 15minutes at room temperature to inactivate the endogenous
peroxidase. Nestin antibody (1:100, clone 10c2, Chemicon, Billerica,
MA) was incubated overnight at 41C. Using the labeled streptavidin–
biotin method, slides were incubated with the biotinylated
secondary antibody PolyLink (DCS DetectionLine, Hamburg,
Germany) for 20minutes at room temperature. After the washing
step, the detection system of horseradish peroxidase-labeled
avidin–biotin complex (DCS DetectionLine) was used for 20minutes
at room temperature (AEC substrate from DAKO, Glostrup, Denmark)
and counterstained with Mayer’s hemalaun. As positive control for
nestin IR, we used frozen tissue sections from human fetal brain
(commercially acquired from BioCat), which showed the expected
nestin-like IR in the subventricular zone. As an additional positive
control, immunocytochemistry analysis of primary pancreatic stem
cells derived from adult human pancreas was performed, as these
cells had previously been documented to express nestin at the gene
and protein levels (Kajahn et al., 2008). These primary human
progenitor cells also showed the expected nestin-like IR (not shown).
As negative controls, we used human skin fibroblasts. Only those
IR patterns that were reproducible between at least five different
individuals were photodocumented and are reported here.
Immunofluorescence
After standard fixation of scalp skin cryosections, we used the
tyramide signal amplification method according to Kloepper et al.,
2008 (antibodies used: human nestin antibody, clone 10c2, 1:100,
Santa Cruz Biotechnology, Heidelberg, Germany; human nestin
antibody, clone 10c2, 1:100, Chemicon; human Keratin6 antibody,
clone Ks6.KA12, 1:100, Progen, Heidelberg, Germany; and human
vimentin antibody, clone SP20, 1:100, Abcam, Cambridge, UK). For
all immunostaining assays, primary antibodies were omitted as a
negative control. As the routine internal positive control, the
reproduction of published follicular IR patterns was chosen. Only
the specific IR patterns that were well reproducible between at least
five individuals and were clearly above background were photo-
documented and are reported here.
NESTIN in situ hybridization
NESTIN in situ hybridization was carried out as described
previously (Tiede et al., 2009). As the NESTIN positive control, we
used frozen single tissue section slides from human fetal brain
(BioCat). For each tissue specimen, sense riboprobes were used as
negative controls.
Western blot analysis
Western blot analysis with a-nestin (1:500, Chemicon and Santa
Cruz Biotechnology antibodies, both from clone 10c2) was carried
out as described previously (Tiede et al., 2009).
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Semi- and quantitative RT-PCR expression analysis
Reverse transcriptase–PCR analysis was carried out as described
previously (Tiede et al., 2009). Primers used for real-time PCR
amplification were huNestin-f (50-ACCCTTCCAGACTCCACTCC-30)
and huNestin-r (50-CACACTCCTCTTCTCCCTCCT-30); huVimentin-f
(50-ACCAGGTCCGTGTCCTCGT-30) and huVimentin-r (50-CTGCCC
AGGCTGTAGGTG-30) (sequence ID: NM_003380); huKeratint6a-f
(50-GGCTGAGGAGCGGCGTGAACAG-30) and huKeratin6a-r (50-A
AGGAGGCAAACTTGTTGTTGAG-30) (Takahashi et al., 1995). For
normalization, the housekeeping gene rS26 was amplified with
primers rS26-f (50-GGGAATTCCATATGACAAAGAAAAGAAGGAA-30)
and rS26-r (50-GGGAATTCGGATCCTTACATGGGCTTTGGT-30).
Laser-capture microdissection and TaqMan analysis
Human full-thickness skin was cut into frozen sections of 8mm thickness
and placed on membrane slides, then stained with cresyl violet acetate
and finally transferred onto the MMI CC-SYS cell cut system (Molecular
Machines and Industries AG, Zu¨rich-Glattbrugg, Switzerland). Compu-
ter-controlled automatic laser cutting was performed according to the
operation manual of the manufacturer by using the control software MMI
CellCut 3.47 (Molecular Machines and Industries AG). NESTIN and the
housekeeping gene rS18 (endogenous control) were quantified by using
the TaqMan Gene Expression Assay, using the one-step AB7900HT RT-
PCR system (Applied Biosystems, Foster City, CA). NESTIN mRNA
expression was quantified by a validated assay. The assays have passed
the validation test to render equivalent RT-PCR efficiency among assays.
Statistics
Student’s t-test was applied for statistical analysis (SPSS for
Windows; Chicago, IL), and P-values o0.05 were considered
significant.
CONFLICT OF INTEREST
The authors state no conflict of interest.
ACKNOWLEDGMENTS
We gratefully acknowledge Sandra Kasten and Lars Mecklenburg (Nycomed
GmbH, Hamburg, Germany) for expert help with laser-capture microdissec-
tion and TaqMan analysis. This study was supported by a grant to RP from the
Fraunhofer Society, Germany.
REFERENCES
Amoh Y, Kanoh M, Niiyama S, Kawahara K, Sato Y, Katsuoka K et al. (2009)
Human and mouse hair follicles contain both multipotent and
monopotent stem cells. Cell Cycle 8:176–7
Amoh Y, Li L, Campillo R, Kawahara K, Katsuoka K, Penman S et al. (2005a)
Implanted hair follicle stem cells form Schwann cells that support
repair of severed peripheral nerves. Proc Natl Acad Sci USA 102:
17734–8
Amoh Y, Li L, Katsuoka K, Penman S, Hoffman RM (2005b) Multipotent
nestin-positive, keratin-negative hair-follicle bulge stem cells can form
neurons. Proc Natl Acad Sci USA 102:5530–4
Amoh Y, Li L, Yang M, Jiang P, Moossa AR, Katsuoka K et al. (2005c) Hair
follicle-derived blood vessels vascularize tumors in skin and are
inhibited by Doxorubicin. Cancer Res 65:2337–43
Amoh Y, Li L, Yang M, Moossa AR, Katsuoka K, Penman S et al. (2004)
Nascent blood vessels in the skin arise from nestin-expressing hair-
follicle cells. Proc Natl Acad Sci USA 101:13291–5
Amoh Y, Yang M, Li L, Reynoso J, Bouvet M, Moossa AR et al. (2005d) Nestin-
linked green fluorescent protein transgenic nude mouse for imaging
human tumor angiogenesis. Cancer Res 65:5352–7
Biernaskie JA, McKenzie IA, Toma JG, Miller FD (2006) Isolation of skin-
derived precursors (SKPs) and differentiation and enrichment of their
Schwann cell progeny. Nat Protoc 1:2803–12
Dahlstrand J, Lardelli M, Lendahl U (1995) Nestin mRNA expression
correlates with the central nervous system progenitor cell state in many,
but not all, regions of developing central nervous system. Brain Res Dev
Brain Res 84:109–29
Fernandes KJ, Kobayashi NR, Gallagher CJ, Barnabe-Heider F, Aumont A,
Kaplan DR et al. (2006) Analysis of the neurogenic potential of
multipotent skin-derived precursors. Exp Neurol 201:32–48
Foshay KM, Gallicano GI (2008) Regulation of Sox2 by STAT3 initiates
commitment to the neural precursor cell fate. Stem Cells Dev 17:269–78
Gingras M, Champigny MF, Berthod F (2007) Differentiation of human adult
skin-derived neuronal precursors into mature neurons. J Cell Physiol
210:498–506
Goren I, Pfeilschifter J, Frank S (2003) Determination of leptin signaling
pathways in human and murine keratinocytes. Biochem Biophys Res
Commun 303:1080–5
Haupt DW, Luber A, Maeda J, Melson AK, Schweiger JA, Newcomer JW
(2005) Plasma leptin and adiposity during antipsychotic treatment of
schizophrenia. Neuropsychopharmacology 30:184–91
Hockfield S, McKay RD (1985) Identification of major cell classes in the
developing mammalian nervous system. J Neurosci 5:3310–28
Hoffman RM (2007) The potential of nestin-expressing hair follicle stem cells
in regenerative medicine. Expert Opin Biol Ther 7:289–91
Hwang HS, Maeng YS, Kim YH, Kwon YG, Park YW, Kim IK (2008) Nestin
expression during differentiation of fetal endothelial progenitor cells and
hypoxic culture of human umbilical vein endothelial cells. Acta Obstet
Gynecol Scand 87:643–51
Joannides A, Gaughwin P, Schwiening C, Majed H, Sterling J, Compston A
et al. (2004) Efficient generation of neural precursors from adult human
skin: astrocytes promote neurogenesis from skin-derived stem cells.
Lancet 364:172–8
Kajahn J, Gorjup E, Tiede S, von Briesen H, Paus R, Kruse C et al. (2008) Skin-
derived human adult stem cells surprisingly share many features with
human pancreatic stem cells. Eur J Cell Biol 87:39–46
Kanoh M, Amoh Y, Sato Y, Katsuoka K (2008) Expression of the hair stem cell-
specific marker nestin in epidermal and follicular tumors. Eur J Dermatol
18:518–23
Kloepper JE, Tiede S, Brinckmann J, Reinhardt DP, Meyer W, Faessler R et al.
(2008) Immunophenotyping of the human bulge region: the quest to
define useful in situ markers for human epithelial hair follicle stem cells
and their niche. Exp Dermatol 17:592–609
Kruse C, Bodo E, Petschnik AE, Danner S, Tiede S, Paus R (2006) Towards the
development of a pragmatic technique for isolating and differentiating
nestin-positive cells from human scalp skin into neuronal and glial cell
populations: generating neurons from human skin? Exp Dermatol
15:794–800
Lademann J, Otberg N, Jacobi U, Hoffman RM, Blume-Peytavi U (2005)
Follicular penetration and targeting. J Investig Dermatol Symp Proc
10:301–3
Li L, Mignone J, Yang M, Matic M, Penman S, Enikolopov G et al. (2003)
Nestin expression in hair follicle sheath progenitor cells. Proc Natl Acad
Sci USA 100:9958–61
Link RE, Paus R, Stenn KS, Kuklinska E, Moellmann G (1990) Epithelial growth
by rat vibrissae follicles in vitro requires mesenchymal contact via native
extracellular matrix. J Invest Dermatol 95:202–7
Lorenz K, Sicker M, Schmelzer E, Rupf T, Salvetter J, Schulz-Siegmund M
et al. (2008) Multilineage differentiation potential of human dermal skin-
derived fibroblasts. Exp Dermatol 17:925–32
Lu Z, Hasse S, Bodo E, Rose C, Funk W, Paus R (2007) Towards the
development of a simplified long-term organ culture method for human
scalp skin and its appendages under serum-free conditions. Exp Dermatol
16:37–44
www.jidonline.org 2719
S Tiede et al.
Nestin in Human Skin
McKenzie IA, Biernaskie J, Toma JG, Midha R, Miller FD (2006) Skin-derived
precursors generate myelinating Schwann cells for the injured and
dysmyelinated nervous system. J Neurosci 26:6651–60
Mercati F, Pascucci L, Gargiulo AM, Dall’Aglio C, Ceccarelli P (2008)
Immunohistochemical evaluation of intermediate filament nestin in dog
hair follicles. Histol Histopathol 23:1035–41
Mignone JL, Roig-Lopez JL, Fedtsova N, Schones DE, Manganas LN, Maletic-
Savatic M et al. (2007) Neural potential of a stem cell population in the
hair follicle. Cell Cycle 6:2161–70
Olert J, Wiedorn KH, Goldmann T, Kuhl H, Mehraein Y, Scherthan H et al.
(2001) HOPE fixation: a novel fixing method and paraffin-embedding
technique for human soft tissues. Pathol Res Pract 197:823–6
Oshima K, Teo DT, Senn P, Starlinger V, Heller S (2007) LIF promotes neuro-
genesis and maintains neural precursors in cell populations derived from
spiral ganglion stem cells. BMC Dev Biol 7:112
Piper ML, Unger EK, Myers MG Jr, Xu AW (2008) Specific physiological roles
for signal transducer and activator of transcription 3 in leptin receptor-
expressing neurons. Mol Endocrinol 22:751–9
Poeggeler B, Schulz C, Pappolla MA, Bodo´ E, Tiede S, Lehnert H et al. (2009)
Leptin and the skin: A new frontier. Exp Dermatol (in press)
Sahlgren CM, Mikhailov A, Hellman J, Chou YH, Lendahl U, Goldman RD
et al. (2001) Mitotic reorganization of the intermediate filament protein
nestin involves phosphorylation by cdc2 kinase. J Biol Chem 276:
16456–63
Shih CC, Fu L, Zhu L, Huang Y, Lee TD, Forman SJ (2008) Derivation of neural
stem cells from mesenchymal stem cells: evidence for a bipotential stem
cell population. Stem Cells Dev 17:1109–21
Sigurjonsson OE, Perreault MC, Egeland T, Glover JC (2005) Adult human
hematopoietic stem cells produce neurons efficiently in the regenerating
chicken embryo spinal cord. Proc Natl Acad Sci USA 102:5227–32
Steinert PM, Chou YH, Prahlad V, Parry DA, Marekov LN, Wu KC et al. (1999)
A high molecular weight intermediate filament-associated protein in
BHK-21 cells is nestin, a type VI intermediate filament protein. Limited
co-assembly in vitro to form heteropolymers with type III vimentin and
type IV alpha-internexin. J Biol Chem 274:9881–90
Stenn KS, Link R, Moellmann G, Madri J, Kuklinska E (1989) Dispase, a
neutral protease from Bacillus polymyxa, is a powerful fibronectinase
and type IV collagenase. J Invest Dermatol 93:287–90
Takahashi K, Paladini RD, Coulombe PA (1995) Cloning and characterization
of multiple human genes and cDNAs encoding highly related type II
keratin 6 isoforms. J Biol Chem 270:18581–92
Thomas SK, Messam CA, Spengler BA, Biedler JL, Ross RA (2004) Nestin is a
potential mediator of malignancy in human neuroblastoma cells. J Biol
Chem 279:27994–9
Tiede S, Ernst N, Bayat A, Paus R, Tronnier V, Zechel C (2009) Basic fibroblast
growth factor: a potential new therapeutic tool for the treatment of
hypertrophic and keloid scars. Ann Anat 191:33–44
Tiede S, Kloepper JE, Bodo E, Tiwari S, Kruse C, Paus R (2007a) Hair follicle
stem cells: walking the maze. Eur J Cell Biol 86:355–76
Tiede S, Kloepper JE, Whiting DA, Paus R (2007b) The ‘follicular trochanter’:
an epithelial compartment of the human hair follicle bulge region in
need of further characterization. Br J Dermatol 157:1013–6
Toma JG, McKenzie IA, Bagli D, Miller FD (2005) Isolation and characteriza-
tion of multipotent skin-derived precursors from human skin. Stem Cells
23:727–37
Tondreau T, Lagneaux L, Dejeneffe M, Delforge A, Massy M, Mortier C et al.
(2004) Isolation of BM mesenchymal stem cells by plastic adhesion or
negative selection: phenotype, proliferation kinetics and differentiation
potential. Cytotherapy 6:372–9
Wang Y, Zhang Y, Zeng Y, Zheng Y, Fu G, Cui Z et al. (2006) Patterns of
nestin expression in human skin. Cell Biol Int 30:144–8
Wiese C, Rolletschek A, Kania G, Blyszczuk P, Tarasov KV, Tarasova Y et al.
(2004) Nestin expression – a property of multi-lineage progenitor cells?
Cell Mol Life Sci 61:2510–22
Yaworsky PJ, Kappen C (1999) Heterogeneity of neural progenitor cells
revealed by enhancers in the nestin gene. Dev Biol 205:309–21
Zhang Y, Xiang M, Wang Y, Yan J, Zeng Y, Yu J et al. (2006) Bulge cells of
human hair follicles: segregation, cultivation and properties. Colloids
Surf B Biointerfaces 47:50–6
2720 Journal of Investigative Dermatology (2009), Volume 129
S Tiede et al.
Nestin in Human Skin
